INTRODUCTION
In the design, development, tuning and upgrading of engineering systems, performance and reliability are two ofthe main factors which must be taken into consideration. Whether it is for predicting the behavior of new designs or studying possible changes to existing ones, models of such systems are essential tools for such investigations. Several (N-l) where N is the number of states. Eq. (In), n 1, 2,...,N, can be solved using the Laplace transform method [1] [2] [3] [4] [5] yielding expressions for the probability, P,(t), that the overall system under consideration is in state n at time for n 1, 2,..., N. Alternatively, the steady state probabilities, P,, n 1, 2, N can be obtained by setting the derivatives with respect to time, of equations (la)-(1N), equal to zero and using the relationship N E Pn(t) (2) n=l to solve the resulting N algebraic equations [6, 7] . While these approaches are attractive for relatively simple systems, it is virtually impossible to obtain a general time dependent expressions for the probabilities of more complicated systems. Moreover, in some cases recourse to numerical methods may be inevitable in order to solve high order algebraic equations before obtaining the Laplace transforms of the different probabilities [1] .
On the other hand, the SPICE circuit simulation program is a generalpurpose program which can be used for d.c., transient and a.c. analysis. Although it was initially developed for integrated circuit analysis, it is now widely used for many non-integrated circuit applications. Recently, the use of SPICE capabilities in studying the behavior of multi-state systems described by Markov models was investigated [8] . The equivalent circuits used and the results obtained for the steady-state probabilities of four-state and five-state models prove that SPICE circuit simulation program is a useful tool for studying the behavior of multistate systems described by the Markov models.
The major intention of this paper is to present equivalent circuits for studying the behavior of two multi-state systems described by the Markov models. The first system is a non-identical unit parallel system with common-cause failures [5] . The second system is warm standby system with common-cause failures and human errors [1] . The first system requires the algebraic solution of a fourth-order polynomial before obtaining the Laplace transforms of the different probabilities and the second system requires numerical solution of a fifth-order polynomial before obtaining the Laplace transforms of the different probabilities. Using the proposed equivalent circuits, reliability and availability analysis of these systems can be easily performed using SPICE. From the SPICE output file the following can be obtained:
1. The probability, Pn(t), that the system is in state n at time t. 2. The system reliability, Rs(t), that is the probability that the system is in an up state.
3. The system steady state availability, A Vs, that is the long term probability that the system is in an up state. The electrical equivalent circuit of Eq. (3) is shown in Figure 1 . In the circuit, the current is the analog of Pn (t) In such case (or cases), the probability Pn(t) can be expressed as f0t
The polynomial feature of SPICE will be used to represent these VCCSs [8] . In the SPICE input file of the circuit of Figure 1 , the initial conditions of P(t), n 1,2,..., N are realized by the IC option, the transient analysis option TRAN will be used to perform the transient analysis of the circuit of Figure and the SPICE output file will contain the probabilities P,(t), n 1, 2,..., N as a function of time.
Using the probabilities P,(t), n 1,2,... ,N, the system reliability can be calculated using Eq. (6).
where M < N is the number of states with the system up. The electrical equivalent circuit of Eq. (6) is shown in Figure 2 . In the circuit the current is the analog of the system reliability R(t) and the VCCS, G, represents the right hand-side of Eq. (6).
The steady-state availability, defined as the long term probability that the system is in the up state, can A non-identical unit parallel system with common-cause Figure 4 shows the state transition diagram along with the corresponding failure rates and repair rates of the non-identical unit parallel system with common-cause failures [5] However, obtaining the real roots ofa fourth-order polynomial is deeply involved in a sea of algebra [5] . Figure 5 and its SPICE input file is shown in Figure 6 where the initial conditions P,(0) 0, n 1,2, 3, 4 are set to zero. The transient results of Figure 7 show the state probabilities P,(t)= 0, n 0, 1,...,4 and the system reliability. Tables I-III show the steady-state system availability and MTTF for three different models of the system. Also shown in Tables I-III are the results obtained using the Laplace transform method [5] . From Tables I-III [1] . Figure 8 shows the state transition diagram along with the corresponding failure rates and repair rates of the warm standby systems with common-cause failures and human errors, [1] . The state transition t) G21 10 Rs(t) (4) 2 3 4 5 6 7 8 9 1-1-1-1-1-1 G1 0 2 poly (4) 4 5 6 7 8 9 (4) 2 3 6 7 8 9 5 55 (4) 2 3 4 5 6 7 9 0 
and Ps(t) 0.0147783
The equivalent circuit of Eqs. (12a)-(12f) is shown in Figure 9 and its SPICE input file is shown in Figure 10 where the initial conditions P(0) 0, n 1,2,...,5 are set to zero. The transient results of Figure 11 show the state probabilities P(t)--0, n--0, 1,..., 5, and the system reliability as functions of time. Tables IV and V show Tables IV and V are the results obtained using the Laplace transform method [1] . From Tables IV and V it can be seen that the results obtained using SPICE simulation are in excellent agreement with the results obtained using the Laplace transform method.
CONCLUSION
It is evident, from the analysis presented and the examples considered in this paper, that SPICE circuit simulation program is an effective tool for calculating the time dependent probabilities, the system reliability, the system steady-state availability and the mean-time to failure of repairable multi-state systems described by Markov models. Especially for complicated systems where recourse to numerical solution of higher-order polynomial is inevitable, the use of SPICE is highly recommended as it saves time and avoids involvement in a sea of algebra.
